Studies of the degradation mechanism of organic light-emitting diodes based on tris (8-quinolinolate)aluminum Alq and 2-tert-butyl-9,10-di(2-naphthyl)anthracene TBADN
Study of electric characteristics and diffusion effects of 2-methyl-9,10-di"2-naphthyl…anthracene doped with cesium fluoride by admittance spectroscopy In this work, the admittance spectroscopy studies show that doping cesium fluoride ͑CsF͒ into 2-methyl-9,10-di͑2-naphthyl͒anthracene ͑MADN͒ can greatly decrease the resistance of MADN and raises the Fermi level from deep level to only 0.1 eV below the lowest unoccupied molecular orbital, resulting in enhancing the electron injection. In addition, the diffusion width of CsF from doped MADN layer into tris͑8-quinolinolato͒aluminium is clearly observed by capacitance-frequency measurement and is about 9.4 nm. Moreover, the diffusion width is significant to be affected by external thermal. © 2010 American Institute of Physics. ͓doi:10.1063/1.3377921͔
Organic light-emitting diode ͑OLED͒ has attached much attention due to their potential in flexible electronic paper, flat-panel displays, and lighting.
1,2 However, the intrinsic properties of low power efficiency and high driving voltage limit their development. Recently, electrical doping is commonly adopted in the OLED due to that highly conductive pand n-doped layers can be utilized to enhance the carrier injection and power efficiency.
3-7 Accordingly, understanding the dynamics and the electrical characteristics of the electrical doping layers is critically important for adopting electrical doping techniques in the OLED. In a multilayer OLED, each layer can be treated as a resistance-capacitance ͑RC͒ unit and also shows an independent RC property, and thus the geometric and electrical characteristics can be investigated separately by admittance spectroscopy ͑AS͒. As a result, the electrical characteristics of each layer can be determined by AS with a suitable equivalent circuit model. 8, 9 2-methyl-9,10-di͑2-naphthyl͒anthracene ͑MADN͒ has been shown to be an efficient blue host material. 10 Moreover, MADN was discovered to exhibit an ambipolar transporting property 11 and can be used as host material for p-type dopant tungsten oxide. 12 In this paper, we further report the development of the n-doped transport layer using the ambipolar MADN as a host, in which cesium fluoride ͑CsF͒ is served as n-dopant. The AS studies show that the incorporation of CsF into MADN can greatly reduce the resistance and activation energy of MADN layer resulting in improving electron injection, which in turn demonstrates that MADN doped with CsF could also be an efficient n-doped transport layer. In addition, the diffusion effect of CsF between MADN and tris͑8-quinolinolato͒aluminum ͑Alq 3 ͒ was also investigated using capacitance-frequency ͑C-F͒ measurement.
A series of electron-only devices were fabricated for studying the effect of CsF incorporation into MADN. The structures of devices A, B, C, and D were indium-tin-oxide ͑ITO͒ / Alq 3 ͑30 nm͒/aluminum ͑Al͒ ͑150 nm͒, ITO/MADN ͑30 nm͒/Al ͑150 nm͒, ITO/ Alq 3 ͑30 nm͒/MADN ͑30 nm͒/ Al ͑150 nm͒, and ITO/ Alq 3 ͑30 nm͒/MADN: 30% CsF ͑30 nm͒/Al ͑150 nm͒, respectively. Figure 1 shows the 300 K C-F spectra measured at zero bias on the studied devices. All spectra show a capacitance drop at an inflexion frequency around 0.1 MHz, suggesting the presence of a geometric RC time constant effect of series resistance due to lead/contact resistance. 13 In devices A and B, the capacitances before drops are the constants of 10.5 and 9.1 nF whose values are comparable to the values of 10.6 and 9.03 nF, determined from a parallel-capacitor model with r = 4 and 3.4 for Alq 3 and MADN, respectively. 14 Moreover, the value of capacitance ͑4.9 nF͒ in device C shows an excellent agreement with the series combination of devices A and B. As a result, the equivalent circuit models for devices A, B, and C are developed and are shown in the inset of Fig. 1 , where C A1 , R A1 and C M1 , R M1 represent the geometric capacitance and resistance of the Alq 3 layer ͑AL͒ and the MADN layer, respectively, and R S represents the series resistance. In these models, however, R A1 and R M1 can be treated as an open circuit even at 420 K due to the intrina͒ Authors to whom correspondence should be addressed. Electronic addresses: mthsieh.ep94g@nctu.edu.tw and kinneas.ac94g@nctu.edu.tw. sic high resistivity property. Therefore, the limited electrical characteristics of these devices can be obtained by AS measurements. In device D, the MADN doped with CsF layer ͑MDL͒ is expected to show a low resistivity property due to the high CsF incorporation so that R M1 can be treated as a short circuit and only C A1 can be observed at low frequency region. However, the capacitance of device D at 100 Hz is 15.5 nF whose value is larger than that of C A1 . Moreover, as frequency increases, the capacitance drops and reaches a plateau whose value equals to C A1 approximately. Accordingly, the geometric RC time constant drop between 15.5 and 10.5 nF is suggested to be contributed by the AL with partial CsF diffused from the MDL resulting in decreasing the resistivity of the partial AL. As a result, an equivalent circuit model for device D is developed and is shown in the inset of Fig. 2 , where C A2 , R A2 ; C D , R D ; and C M2 , R M2 represent the geometric capacitance and resistance of the Alq 3 without CsF diffusion layer ͑AWCL͒, the Alq 3 diffused with CsF layer ͑ADL͒, and the MDL, respectively. In this model, three geometric RC time constant drops for the ADL, MDL, and series resistance can be observed in the C-F measurement. However, the spectrum of device D in Fig. 1 shows only two capacitance drops, which is due to that the resistance of the MDL is too small to resolve from the series resistance at 300 K. In Fig. 1 , the capacitance of device D at 100 Hz can clearly determine the thickness of the AWCL which in turn indicates that the diffusion width of CsF in the AL is about 9.4 nm. Figure 2 shows temperature-dependence C-F spectra of device D that was measured from 300 to 80 K for avoiding an external thermal effect. As shown, two significant temperature-dependence capacitance drops and one temperature-independence capacitance drop were observed. Between 15.5 nF and ϳ10.6 nF, the inflexion frequency is associated with the inverse RC time constant of the ADL. As temperature decreases, another capacitance drop is resolved from series resistance and drops between ϳ10.6 and 6 nF, in which the inflexion frequency is associated with the RC time constant of the MDL. Note that the inflexion frequencies of ADL and MDL in the C-F spectra can be more clearly seen in the conductance ͑G͒ / F-F peaks of Figs. 4͑a͒ and 4͑b͒, respectively. According to the temperature-dependent peaks, the activation energies ͑E a ͒ of both layers can be obtained by the relationship of F = F 0 exp͑−Ea / KT͒ ͑where F is G / F peak frequency, F 0 is pre-exponential factor, K is Boltzmann's constant, and T is the temperature͒ and are shown in plots of ln͑F͒ versus 1000/ T in Fig. 5 . As shown, the E a of the ADL and the MDL before high temperature measurement were 0.219 eV and 0.1 eV, respectively. In addition, the capacitance at 100 Hz and 80 K is about 6 nF whose value is larger than 4.9 nF obtained from device C. This can be explained by a change in the permittivity of MADN due to the heavy CsF incorporation.
The inset of Fig. 3 plots the C-F spectra of device D measured from 300 to 420 K for studying the thermal effect on CsF diffusion. As shown, the capacitance at 100 Hz is observably increased from 15.5 to 21 nF indicating that the diffusion width of CsF in AL is increased from 9.6 to 14.8 nm. Furthermore, as temperature decreases from 420 to 80 K, the inflexion frequencies of the ADL and the MDL also can be observed clearly in Fig. 3. In Figs. 4͑c͒ and 4͑d͒ , the temperature-dependent peaks are assigned to be associated with the RC time constants of the ADL and the MDL after 420 K measurement, respectively. Moreover, the E a of the ADL and the MDL after 420 K measurement were shown in Fig. 5 . As shown, the E a of the ADL and the MDL after 420 K measurement were both increased from 0.219 eV and 0.1 eV to 0.509 eV and 0.219 eV, respectively. Owing to that the E a represents the energy separation between the edge of the lowest unoccupied molecular orbital ͑LUMO͒ and Fermi level, the increase in E a in the MDL indicates that the external thermal decreases the electron concentration in the MDL due to that the partial CsF were further diffused into layer by the increase in temperature resulting in increasing this separation. In the ADL, although the amount of CsF is increased after 420 K measurement but the effective thickness of the ADL is increased simultaneously. Therefore, the overall electron concentration in the ADL after 420 K measurement is decreased resulting in the increase in E a .
Furthermore, we also fabricated an OLED device with structure of ITO/ CF x / N, NЈ-bis-͑1-naphthyl͒-N , NЈ-diphenyl,1 , 1Ј-biphenyl-4 , 4Ј-diamine ͑60 nm͒ / Alq 3 ͑65 nm͒/MADN: 30% CsF ͑10 nm͒/Al to demonstrate the efficacy of the layer of MADN doped with CsF. The device can achieve the efficiency of 2.0 lm/W at 5.2 V and 20 mA/ cm 2 . The drive voltage of this device is much lower than that of the device with conventional LiF/Al cathode ͑6.3 V and 1.8 lm/W͒, the detailed device performance will be reported elsewhere. 15 Significantly, inducing the layer of MADN doped with CsF can reduce the drive voltage, which agrees completely the results of AS measurement and suggests that the n-doped layer of MADN doped with CsF could be applied in OLED devices.
In summary, the details of electrical characteristics of the MADN doped with CsF were investigated by employing temperature-dependence AS with the equivalent circuit model. The incorporation of CsF into MADN can greatly decrease the resistance of MADN and raises the Fermi level from deep level to only 0.1 eV below LUMO band resulting in decreasing the width of the electron injection barrier between MADN and Al. As a result, the electron injection from cathode can be enhanced when the MADN doped with CsF is adopted as an n-doped electron transport layer. In addition, the diffusion width of CsF from the MDL into the AL is observed to about 9.4 nm by C-F measurement and is significant to be affected by external thermal. This information is very useful for design consideration when MDL is adopted as the hole transport layer in the OLED.
